The unambiguous determination of optical refractive indices of metamaterials is a challenging task for device applications and the study of new optical phenomena. We demonstrate here simple broadband phase measurements of metamaterials using spectrally and spatially resolved interferometry. We study the phase response of a π-shaped metamaterial known to be an analog to electromagnetically induced transparency. The measured broadband interferograms give the phase delay or advance produced by the metamaterial in a single measurement. Metamaterials have demonstrated phenomena not thought possible decades ago, such as optical superresolution and cloaking [1] . As metamaterials are used to study more nonlinear, ultrafast, and gain phenomena, the extraction of index information from intensity measurements and simulations will grow more challenging and error prone, so there is a need for accurate and fast optical phase measurements. Various approaches exist to measure the phase behavior of metamaterials.
Metamaterials have demonstrated phenomena not thought possible decades ago, such as optical superresolution and cloaking [1] . As metamaterials are used to study more nonlinear, ultrafast, and gain phenomena, the extraction of index information from intensity measurements and simulations will grow more challenging and error prone, so there is a need for accurate and fast optical phase measurements. Various approaches exist to measure the phase behavior of metamaterials. Researchers have fabricated structures out of or next to the metamaterial, allowing them to observe the effects of the phase in the far field [2] [3] [4] . Polarization walkoff interferometry was used for metamaterial and single nanoparticle phase measurements [5] [6] [7] [8] . A Michelson interferometer was used to measure the index of a fishnet metamaterial [9] . In this letter, we demonstrate a simple, fast, broadband, and accurate method for measuring the phase of the light transmitted by a metamaterial array based on spatially and spectrally resolved interferometry.
We report a white light interferometer using reflective optics which can measure the phase change induced by a metamaterial across a broad wavelength range, limited only by the light source bandwidth and detector sensitivity. We pass white light through the sample and a reference path then recombine the light on the input slit of an imaging spectrometer with different vertical angles [ Fig. 1(b) ] in order to produce spatial fringes along the vertical axis of the image plane [ Fig. 2(a) ]. The positions of the maxima and minima of this interference pattern are proportional to the phase of each wave and the periodicity is proportional to the angle [10] . A change in the optical length of either beam path causes the fringe pattern to shift vertically. This technique is known as spectrally and spatially resolved interferometry (SSRI) [11] , and it has seen many applications in the field of ultrafast optics [12] [13] [14] [15] . A summary of the history and analysis of the accuracy of the technique is given in [10] . The use of SSRI with reflective focusing optics allows broadband phase measurements of small scale (∼50 μm) metamaterial arrays.
We used a reflective Mach-Zehnder interferometer to perform the broadband optical phase measurement on a metamaterial. As the light source we use a supercontinuum laser (Fianium SC450) spanning a wavelength range of 400-2400 nm. In our experiment we split the incident light into a sample and a reference path using a nonpolarizing beamsplitter cube. We focus the light from the sample path onto the metamaterial using a 20 mm effective focal length off-axis parabolic mirror, recollimate the light using a similar parabolic mirror [M1 and M2 in Fig. 1(a) ], then reflect the light into the spectrometer using M3. The reference beam is reflected into the spectrometer using mirrors M4 and M5. The difference between the height (y) of the two beams at M4 and the distance (L) from the spectrometer determines the angle, and thus the periodicity of the fringes. Previous works on SSRI have found that approximately 20 fringes give the highest accuracy [10] . The two beams are then overlapped without focusing onto the input slit of the imaging spectrometer. The image is acquired with an InGaAs infrared camera (SU640KTS-1.7RT, 640 × 512 pixels, with a pitch of 25 μm) placed at the output port of the spectrometer (angular dispersion of 150 lines ∕mm and linear dispersion of 0.5 nm ∕pixel). We set the length of the reference path equal to the length of the sample path and place an identical substrate in the reference path. Typical images of the fringes are shown in Figs. 2(a) and 2(b). Cross sections of the interferograms are shown in Figs. 2(c) and 2(d) . We compare interferograms acquired on the sample and adjacent to the sample using a Fourier based technique. We take the Fourier transform (FT) along the vertical axis then find the maximum of the absolute value of the FT, which corresponds to the period of the fringes. The arc tangent of the imaginary divided by real components determines the phase. Subtracting the two results yields the relative phase.
The described technique was used to measure the phase change produced by a π-shaped metamaterial known to produce an optical response analogous to electromagnetically induced transparency (EIT) in atomic systems [16, 17] or equivalently a type of Fano resonance [18] . The metamaterial consists of a vertical bar and a pair of horizontal bars which is spaced a varying distance from the vertical bar. Near infrared light can only couple to a bar through the longitudinal plasmon mode associated with the long axis of the bars. In this experiment, we use vertically polarized light which excites a plasmon mode in the vertical bar and in the horizontal bar through near field coupling. The coupling strength between the vertical and horizontal bars can be tuned by changing the distance, and therefore samples with different gap distances have drastically different phase responses. Two gap distances were measured: 10 nm [ Fig. 3(a) ], corresponding to the blue curve in Figs. 3(c)-3(f) , which exhibits a distinct mode splitting and 80 nm [ Fig. 3(b) ], which has a nearly Lorentzian resonance due to the weak coupling between the bars. The samples were made of 35 nm thick gold deposited with electron beam evaporation and patterned with a standard electron beam lithography and liftoff process. The structure dimensions are given in Fig. 3 .
For comparison with the experimental results, we performed numerical simulations of the phase in transmission using the finite element solver Comsol. The simulation was performed with a substrate index of 1.52 with periodic boundary conditions (sample plane) and scattering boundary conditions normal to the plane of the structures, with a domain size of 0.6 × 0.6 × 5 μm. In the simulation, we used refractive index data from Johnson and Christy [19] with the damping rate of the gold increased by a factor of three to account for the increased losses due to surface scattering from the rough edges of the nanostructures and grain boundaries in the gold [9] . The structure geometry was scaled by 5% to compensate for differences between the designed and fabricated structure. Comparing the experimentally determined phases [ Fig. 3(c) ] and simulated phases [ Fig. 3(d) ], one finds a good agreement. A possible explanation for the differences between simulation and experiment is uncertainties in the material parameters and deviations from designed dimensions.
The phase response of the metamaterial array can be understood from the classical light scattering theory. The scattered field has a Π phase change from one side of the resonance to the other, while the phase of the incident field is unchanged [20] . In the far field, the sum of the two fields is measured. The summation is weighted by the scattering cross section, giving a smaller measured phase change further from the resonance where the metamaterial scatters less efficiently. For the weakly 49 μm) . The difference in the amplitude is due to the absorption of the sample, the power spectrum of the light source, and variations in the detector sensitivity. coupled system [ Fig. 3(b) ] we find a zero crossing in the phase at the same point as the dip in the transmission spectrum. We see a positive phase shift at longer wavelengths and a negative phase shift at shorter wavelengths, consistent with the result for a Lorentz oscillator. In this case, the general shape of the phase curve is similar to the derivative of the transmission with wavelength. For the strongly coupled system, the phase change can no longer be qualitatively understood from the derivative of the transmission with wavelength. Such a model would predict three zero crossings in the phase, due to the three points where the derivative of the transmission is zero. We see only a single zero crossing in both the experiment and simulation. Decreasing the loss of the system would produce the three zero crossings in the phase that are typically found in an EIT-like response [21] . Fabricating the sample from single crystal metals is a potential route to reducing the losses and producing the expected zero crossing [22] . The measured phases allow the calculation of the group delay dispersion (GDD). The maximum and minimum GDD were found on the short and long wavelength sides of the transmission minima with values of 200 fs 2 and 100 fs 2 for the 80 and 10 nm gap samples, respectively.
When performing multiple measurements, the main difference between consecutive scans is a vertical shift of the phase versus wavelength. The errors for three consecutive measurements are shown in Fig. 3(c) and are 0.02 rad on average. We found the following factors to be important for accurate results: a box around the entire setup to minimize changes in the optical path length of each arm due to air disturbances, smooth substrates, and a large sample area relative to the beam waist. The accuracy of the phase measurements is also influenced by factors such as fringe visibility and uniformity, spatial and spectra resolution, camera noise, and beam uniformity, which are discussed in [10] .
In conclusion, we have demonstrated broadband phase measurements of a metamaterial exhibiting EIT in the near infrared with an accuracy of λ ∕300. This measurement technique will allow rapid and accurate phase characterization of active and nonlinear metamaterials, improving the understanding of these systems and aiding the development of practical metamaterial devices.
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